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requirements involves processing of multiple resins encapsulating different inserts
with possible interconnections for power supply, creating the next generation of
composite structures. The program tasks address the intelligent processing aspect with
the goal of addressing multifunctional design, followed by assessment projects to
explore multifunctional attributes of composites.

The framework of intelligent processing has been advanced through the development and
use of Resin Transfer Molding (RTM) and Vacuum Assisted Resin Transfer Molding (VARTM)
to address processing, sensing, and control methodologies. The program tasks have
included (i) Process physics and simulation in which we focused on the physics of
Eabric compression and simulation challenges for multifunctional parts, role of surface
tension and wetting when embedding devices in the structure and new process
developments containing loaded resins and use of membranes as vents (ii) Design and
optimization focused on approaches to create a blueprint of the distribution media
network to successfully infuse resin despite the presence of inserts and devices in the
composite, build new actuation mechanisms to redirect the resin and also characterize
the variability of the process so it could be accounted for i n design and control of
the process (iii) Sensing, control and inspection continued the development of the TDR
sensor and vibrational techniques for applications in structures containing embedded
devices and (iv) Validation and implementation integrated all the above in a test bed
and demonstrate the combined usefulness of all the tools to move towards repeatability
and affordability. Two new projects to specifically address issues for multifunctional
composites were pursued. The first one explored seamless integration of conformal
antenna arrays into a composite structure with complex curvatures. Due to the growing
interest in blast-resistant naval structures, the second new initiative investigated
many innovative material concepts including cellular materials of different kinds in
composite structures and characterized methods for energy absorption.

The researchers selected a test-bed of tall structures to validate the processes and
all the methodologies developed in the program. The program has independently tested
the sensors developed, process models and simulations, low-cost resin behavior,
optimization techniques for gate, vent, sensor, and distribution media locations,
control strategies, injection systems, and software to transfer the methodology from
the virtual simulation environment to the manufacturing platform, validated inspection
and health monitoring systems, and explored user-friendliness and technology readiness
by transitioning it to an industrial environment. These technologies have been and
will continue to be transitioned to Navy labs, shipyards, and the industrial base as
part of this program.
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Technical Section

Technical Objectives
't VEIK ing pertormed by the University of Delawar enter | -omposite Matenal
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ntelligent processing to accelerate the insertion of composites nto ship application Juality
repeatability, tolerances, and affordability can be improved through computer simulations and
process design tools as well as automation combining advanced sensors and process control.
The overall goal is to develop and use sensors, science-based simulations, and process control
to advance composite manufacturing with Liquid Composite Molding Processes. Advanced
sensors have been developed and validated in a manufacturing environment. Simulations
incorporate resin impregnation and cure physics occurring at micro, meso, and macro levels
during manufacturing. Passive and active feedback control strategies have been formulated to
improve process control. Automation of the process to reduce labor and improve yield has been
attempted. Technology transfer has been accelerated by creating user-friendly software and
hardware interfaces to implement the methodology on the manufacturing platform.
This suite of software and hardware tools developed in the previous phases has been used and
expanded to address the needs of the Navy for revolutionary multifunctional composite
materials. Multi-functionality requirements arise from various needs, such as fire protection,
blast resistance, and embedded antennas as well as signature management using advanced
photonics and left-handed materials. Meeting these requirements involves processing of
multiple resins encapsulating different inserts with possible interconnections for power supply,
creating the next generation of composite structures. The program tasks address the intelligent
processing aspect with the goal of addressing multifunctional design, followed by assessment
projects to explore multifunctional attributes of composites.

The framework of intelligent processing has been advanced through the development and use
of Resin Transfer Molding (RTM) and Vacuum Assisted Resin Transfer Molding (VARTM) to
address processing, sensing, and control methodologies. The program tasks have included (i)
Process physics and simulation in which we focused on the physics of fabric compression and
simulation challenges for multifunctional parts, role of surface tension and wetting when
embedding devices in the structure and new process developments containing loaded resins
and use of membranes as vents (ii) Design and optimization focused on approaches to create a
blueprint of the distribution media network to successfully infuse resin despite the presence of
inserts and devices in the composite, build new actuation mechanisms to redirect the resin and
also characterize the variability of the process so it could be accounted for in design and control
of the process (iii} Sensing, control and inspection continued the development of the TDR
sensor and vibrational techniques for applications in structures containing embedded devices
and (iv) Validation and implementation integrated all the above in a test bed and demonstrate
the combined usefulness of all the tools to move towards repeatability and affordability. Two
new projects to specifically address issues for multifunctional composites were pursued. The
first one explored seamless integration of conformal antenna arrays into a composite structure
with complex curvatures. Due to the growing interest in blast-resistant naval structures, the
second new initiative investigated many innovative material concepts including cellular materials
of different kinds in composite structures and characterized methods for energy absorption.

The researchers selected a test-bed of tall structures to validate the processes and all the

methodologies developed in the program. The program has independently tested the sensors
developed, process models and simulations, low-cost resin behavior, optimization techniques
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for gate. vent, sensor, and distribution media locations. control strategies, injection systems. and
software to transfer the methodology from the wvirtual simulation environment to the
manutacturing platform validated inspection and health monitoring systems, and explored user-
fmendliness and lechnology readiness hy transitioning 1t to an industrial environment These
technologias have been and will continue 1o he fransiioned to Navy labs shipyards  ane tha
nclustrial base as part 2f this program

Final Report Page 3



Tasks to Advance the Framework of Intelligent Processing

The

that

search i this program has developed and mntegrated the four pillars shown in Fig
rm the framawo f intelhgent cessing o specifically address the manufacturnng

Task 1: Model Enhancements for Vacuum Infusion (Vl) Processes

Liquid Composite Molding — Description, Modeling and Simulation

In-depth analysis of two issues, fundamental to further development of the field, was performed
and is summarized below.

Essentially, the issue of expanding the process model to fully include “general” LCM process —
such as VI, RTM Light or Compression RTM — was undertaken. Currently, the process modeling
is still based on analysis performed for the conventional Resin Transfer Molding. However, in
other variations of Liquid Composite Molding such as VI process, new issues arise and the
influence of some phenomena is much more significant for general VI process than for
conventional RTM. Consequently, these phenomena must be included into the model. The
modeling issues are:

The resin flow is fully three-dimensional. The material is highly non-homogenious as
distribution media and runners must be modeled. This issue has been already resolved
and presents no current problem.

Preform and distribution media deformation during the flow process. This modifies the
governing equations. The change is very significant particularly as there is a coupling
between resin pressure and the porous media deformation and this area has been
avoided in previous research. We have studied and modeled the preform deformation
effect previously, but the existing “solution” is not suitable for practical deployment. To
truly resolve this issue, one must incorporate major changes to the existing model.

With the process pressure limited, fiber tow saturation becomes a significant issue. We
already have working numerical models for fiber tow saturation, but material
characterization, and verification must be addressed. Also, better integration into
process model is sought.

The effects of gravity field on the resin flow may be significant. This issue has been
addressed with some degree of success and we have a numerical implementation for
the model! with gravity included, but it is not well integrated into modeling capability.

The work undertaken in this period attempted to address the issues listed above. The significant
steps undertaken during this period were:

New governing equations for the flow process were developed. New model is necessary
to handle the preform deformation issue. It also allows us to integrate the existing
modeling capability for fiber tow saturation and gravity. The new set of governing
equations include, apart from resin pressure and fill factor, also the preform deformation
and fiber tow saturation as primary unknowns. This inclusion requires incorporation of
several constitutive models governing preform deformation and fiber tow saturation.

The numerical implementation of the above scheme is in progress.
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« Experiments were carned out to characterize fiber tow saturation and to compare i1t with
the existing numerical model. The resulting comparnson proved successful. The ultimate
goal I1s to develop experiment to provide material data necessary for modeling of the
fiber tow saturation

o Analyhic moadel of hibar-tow saturation was suceassiully craated ana compared witl
iwmercal results and 2xpenmental data

s AVt 2o was incorporated into the simulation package LIMS and properly tested

Simulation Software Development and Deployment

» LIMS simulation package was maintained during the period. No significant additions
were made, but number of issues was fixed.

e The experimental LIMS version including gravity was successfully tested by comparison
to both experiments and analytic solution.

« LimsUl graphical user interface was maintained and significantly enhanced to simplify
the user interaction. Also, the options how the simulation is actually executed were
enhanced. The program now offers simpler interface and multiple scenarios for
simulation end. Several smaller enhancements and bug-fixes were also made. Currently,
the use of material database and simplified property handling is being tested.

» The software tools for mesh creation and manipulation were enhanced. Among others, it
is now possible to create the cross-section models for thick panels with ply drop-offs and
elements aligned with preform layers.

e Modeling support was provided for other groups working on this project as well as for
some industrial partners.
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Task 2: Microflow and Microvoids around Embedded Objects

Experimental Approach to Validate Analytical Model

M Anaiviica el was proposad o describe the capillary mfusi oo liepnd (res ACIOSS 2
rrray of 1l nicro-cylinders (alignad fibers) Based on A senes of simplifying assumption
'

the mod 1 be applied to the case ol transverse capillary anpt Jnation ol fiber low thie
opposing effect of gas (air) displacement and entrapment being taken into consideration.

The role played by air displacement in the capillary impregnation was modeled by introducing a
new parameter o, describing the rate at which the air dissolves or escapes out of the tow. To
determine the rate at which the resin saturates the tow, one must have not only the correct
estimation for the tow permeability, but also be able to accurately approximate parameter d.

Figure 1 shows how the impregnation dynamics and therefore the tow fill time depend on the
value of parameter o. Case 0=0 (no air, or easy air escape outward of the tow) is the most
favorable case for the impregnation, which takes place in the shortest time. If 4=/, the air is
compressed inside of the tow without any part of the preexisting air emerging. Any other value
of o between zero and one gives a finite impregnation time, always larger than when d=(.
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Figure 1. Flowfront advancement versus time, for several values of parameter
J. Both axes are dimensionless.

An experimental approach was aimed at checking the validity of the analytical model and
obtaining insight into what are the parameters which affect the air displacement through the tow
and consequently the overall tow impregnation and its fill time.

The experimental setup consists of samples devised as enlarged replicas of real fiber tows,

inside which hand-made sensors were placed at certain radial locations. A data acquisition
system was used to provide a continuous reading of the sensors status, so that the arrival times
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of the impregnating resin at the sensor locations were detec

d (F |.:\:J“|| . 7 T he tests were

onaucted by immersing the sample in a hiquid with no img > pressure difference t 18315t

the flow. Hence the flow was exclusively driven by the capillary pressure.

ipproximate the mea ipillary pressu g the tran rse permeability

—* [lIme

i)

Figure 2. a) Sensors location in radial direction, shown in a cross-sectional view
through the mid-plane of a full sample. The grey area corresponds to the already
wetted porous medium, whereas white indicates the inside region which is still dry. b)
Sketch of the signals read from the sensor circuits by the data acquisition system,
which records the arrival times t, — t; at sensors S; - S;

Tests conducted on full samples helped better understand the role of air entrapped and its
dissolution, on the overall impregnation dynamics. A single parameter, 5 was shown to account
for the influence of the entrapped air. This parameter also shed light on the influence of external
liquid pressure and fiber volume fraction on the ease with which the air could escape.

Among the results, it was shown that there is a direct dependence of parameter o on fiber
volume fraction V, (see Figure 3). It is remarkable that increasing fiber volume fraction V, is
associated with higher values of parameter ¢, which indicate a more inhibiting role of the air
escape/dissolution in the capillary impregnation process. The results presented in Figure 3 are
for a range of fiber volume fractions from 45 to 70%, for which a quadratic trend was identified,
approximated well with a R-squared value of 0.98, as:

5 =0.9945 -V, +2.0524-V, W
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Fiber volume traction [non-dimensional|

Figure 3 Variation of parameter 6, versus fiber volume fraction V.. The trend indicate that
denser packing (higher V;) causes higher values of parameter &, which is equivalent to a more
significant role played by the inside air, in opposing the capillary flow.

Our experimental study serves as an illustration that the analytical model can be used to model
the capillary impregnation. Thus, one could use the analytical model proposed to simulate the

capillary impregnation process, for any arbitrary new case, once the constitutive equation for
parameter 4 is determined.

Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) was also used, as a more powerful experimental technique
to better understand the mechanisms of capillary impregnation of fiber tows. The information
provided by this technique allows for 2D monitoring of the capillary flow, with a much better time
resolution, which allows finding an unambiguous curve fit to a time dependent series of data
points. In addition to that, the MRI technigue is non-invasive, not disrupting the flow behavior by
the presence of sensors. Typical results of a capillary impregnation test are shown in Figure 4.

[ ; ? ' | ' l

Flow front radius [ram]

0 200 100 600 00 1000 1200 100 1600
Time[s]
Figure 4 Typical experimental curve of flow front dependence of flow front radius
vs. time. Each point corresponds to an image acquired by the spectrometer.
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Figure 5 Irregular flow front contour following transverse
capillary impregnation in a cylindrical fiber tow. The irregular
inner dark area shows the dry fiber, while the light grey region
around it is the wet fiber.

Another reason for our pursuing this alternative experimental approach is that MRI can reveal
the irregularities of the flow front, which not always keeps the original shape of the cross section
of the tow (see Figure 5). A model for quantifying the irregularity of the flow front was also
proposed.

MRI permits investigating how various parameters (liquid viscosity and surface tension, fiber
material, fiber diameter and sample size) influence the irregularity of the flow front, as well the
discrepancy between the real capillary flow behavior and the theoretical one, which would be
displayed if air were absent from the sample.

The work on a series of 15 MRI tests is presently in progress; the final results being then
compiled into a paper to be submitted for publication.
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Task 3: Processing of Functionally Gradient Materials and Multiple
Resins

Functionally Graded Composites exhibit properties or functions within the matenal that vany
jradually o1 in a3 step-wise manner without 3 recognizable boundary. One technique t
ranufacture Functionally Graded Polymear Composites s y A molding pracess o this pro
yers of glass Keavla o carbon fabrie are stacked i a et Mold and S0 WItH SLESpP 2N
meron-size particles 1s Iinjected into the mold. The fabrics are usually yams o bundles of

thousand or more micron-size fibers woven, stitchad or knitted together. This architecture gives
rise to a bimodal distribution of pore sizes; the larger pores in between the bundies and smaller
ones within the bundles. This dual-scale nature of the fabrics create a network of pore sizes
through which the resin will flow to cover the fibers but the infiltration and the final concentration
distribution of the particles will establish the gradient of the properties in the composite.. In this
task we developed a model to predict the concentration distribution of particles within this dual
scale fibrous porous media infused under a constant pressure drop. The approach uses Darcy’s
law and accounts for lowering in the permeability value due to the particle entrapment in the
available pores. Experiments are conducted and the concentration of the particles in the fabric
is measured. The results compare well with the predictions.

fibers fiber tows -

Figure 6 a) left: A preform with single porosity (random mat). b) right: A preform
with dual porosity (woven preform).

In classical filtration modeling inciudes a microscale (of the order of the collector size), and a
macroscale, comparable to the filter external size. Because of the dual-scale porosity present in
the woven fabrics as shown in Figure 6 above, there is an additional mesoscale which is
characterized by the average size of macropores and tows as shown schematically in Figure 7.

Suspension with a given volume fraction of Suspension with a given valume fraction j
articles o

P L Parous
s I, S EEEESRS SN S i el =
Porous medium e L )
2 . Fiber tows angl

N\ mesopores
L |
ol e P g e e L) e e _
= 8 o

Figure 7 a) left: scales involved in classical filtration. b) right: introduction of a intermediary
scale for preforms with dual porosity (woven preform).
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[his multiscale filtration phanomenon will be a function of matenal and process parameters and

network analysis to flow analogy was used to model this tow as shown schematically in Figure

Gt
— 1 4
Pore 1 1 AP ”-Rn;w uag&
_EW 2 L Atow Auom
Tow ﬂ I

Figure 8 a) left: schematics of the considered unit cell in dual scale porosity preform. b)
right: resistance to flow analogy.

Results

The results show an increase of particles deposition with time which becomes less and less
significant with time. Indeed, because of the increase of the cake resistance and as the
suspension is subjected to a constant pressure drop across the fabric, the flow through the tow
region will decrease with time which will result in less particles being trapped in it (Figure 9a).
The resistance of the preform can be determined as well from the resistance analogy of a unit
cell (Figure 8). We observe an increase of the resistance due to the particles’ deposition (Figure
9). However, this increase is negligible as the resistance of the macropores is much smaller and
it is constant with respect to time.

total mass of particles deposited (g)
resistance of the simulated media (m”')

time (seconds) time (seconds)

Figure 9 a) left: total mass of particles deposited as a function of time for various particles
concentration in the slurry (mass fractions: 1%, 2%, 4%, 6%, 8%, and 10%). b) right: total
resistance of the perform and particles as a function of time for the same particles
concentration.
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Validation of the Model

Vaterial Parameter Determination
; ita thiciatio f the model proposad wa e out and s presente s Th

fol s was ) Glass 15x1 rexforn xpermeant If liffe

sspecially dunng cutting operations. pore size distnbution may beco very random | WO

that, hibers were cut using a laser, which doesn't affect the pores size and the shape ot preforms
The pore size distribution is measured by microscopy and image analysis, through the diffusion
of light through the preform. Then the light spots were measured to determine the different
dimensions needed as shown in Figure 10.

Microscope %

Image analysis

Lle s ) [ T] Preform to be analyzed

Figure 10 Determination of the pore area distribution using image analysis. The macropores
allow the light to pass and the illuminated area is calculated.

Using the same approach, the area of the tow region for average unit cell is measured through
microscopy and image analysis.

Suspension Preparation

An experimental setup was designed to obtain repeatable results and to avoid the effects of
disturbances that naturally occur during filtration experiments. During the particles transport,
particles do have a tendency to form aggregates. This will make the particle concentration non-
uniform and violate the assumption in our model. To promote uniformity, we used an online
static mixer to shear and break any aggregates in the incoming suspension. The mixing also
ensured that the concentration was uniform before infusion.

To continuously evaluate and maintain the incoming concentration of the particles in the
suspension, an inline measurement and PID controlled mixing station was used to ensure
constant mixing ratio between particles and fluid through the use of a computer controlled
peristaltic pump, as shown in Figure 11. The static mixer in-line ensured that the concentration
was uniform before it infiltrated the fiber preform.
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Pressure gage

Static mixer

= ; » %0
Continuous mixing Preform

water water + particles

Figure 11 Experimental setup used for the filtration experiments.

Experimental Results

The slurry concentrations were determined using the mix inline station and input in the algorithm
For different concentration profiles, we obtained results which correlated quite well with the
model’s results for mass of particles deposited, as well as resistance of the preform to the flow.
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time (minutes) time (minutes)
s 0.06%(2xp) 0.25% (exp) s 0.58% (exp) e 2.34%(exp) 2.51% (exp) 3.23% (exp)
®  0.06% (sim) 0.35% (sim) +  0.58% (sim) s 224%(sim) 2.51% (sim) 3.23% (sim)

Figure 12 total mass of particles deposited as a function of time for various incoming
concentration profiles, modeling (dashed) and experimental (solid lines) results

Final Report Page 13



Advanced Materials Intelligent Processing Center (AMIPC): Manufacturing for Multi-Functionality

Task 4A: Process Developments: Evaluation of Membrane-Based
Composite Processing

Background

[ idchtion o ANOPOCaHE Membran: e VARTN selup unproves the guality

part  Thickness gradient and eaxistence of diy spots are 2himmated.  Preliminary experiments
have shown that the behavior of the membrane and its successful role vary with the resin used.
Therefore, a fundamental understanding of the membrane is required. More specifically, we are
interested in investigating and modeling the transport of resin through the membrane. Such a
model will help us tailor a membrane for a specific application.

Review of the Work
This research follows the organization presented on the flow chart below:

How does it work? Exploratory
experiments

= Issue of compatibility resin/membrane

Model the transport of resin in membrane

Develop the mode

Simplify the model

Compute and Compére

Legend

Work presented in the previous report

Figure 13 Flowchart of membrane-based VARTM work.

A previous report had detailed the exploratory experiments, which highlighted the issue of
compatibility membrane/resin.  The optical characterization of the membrane was also
presented. This report is dedicated to the introductory model of resin transport through the
membrane. Complementary characterization of the nanoporous medium is provided as well.

Wetting Characteristics of the System Membrane/Resin

To evaluate the wetting characteristics of the system membrane/resin, the contact angle
between the two was measured. The setup (Figure 14) has the capability to provide not only
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static angle abtained when the drop has stabilized onto the substrate, but also the dynami

ntact angle which is a measure of the contact angle as a tunction of time. In tact. a high

speed camera is used to capture the drop and. later. the evolution of the resin drop as enters i

intact with the mambrar In the present cas Inea the resin possassas an Intrine narmi
itk | - M\'::;‘iv | 1. 5 e %

e Wit J VI (i Aridl 1OWEYE 1T M

Figure 14 Contact angle setup.

Four fluids were tested.

1. The two resins which were used previously to make the VARTM parts for the so-called
“exploratory experiments: Epoxy SC15 part A (resin part) and Vinyl-ester 411-350 +
Styrene (ratio 1:6)

2. Vinyl-ester 411-350 alone

3. Styrene alone

These results (Figure 15) showed that the presence of styrene in the vinyl-ester dramatically

lowers its contact angle. This can explain why the vinyl-ester+styrene system wetted the
membrane and not the epoxy SC15 in the exploratory experiments.

VE411-350 +
SC15 Part A VE 411-350  Styrene 1:6 Styrene

bl ! L2

Incompatibility increases

Figure 15 Results from the contact angle measurements.
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Model

Ultimately this project aims at designing membranes appropriate for all types of resin systems
In order to achieva this goal it 15 necessary to make sure that the membrana will remain
mpeaermeable to the resin before it gels. In fact once the resin hardens. there 1s no chance for
ther polvime jo throwugh th nembrans 10y 1T Rl [herato Cay Lo Koy v lang il will
take [0r Any 1251 syster 1o through the mambrana. Th wcdal ams at pradicting this im
The basis s (nods an Introductory model. basad on flow through porous media and
capillary effects. Moreover, membrane and resin properties have been considered at theu

simplest, since there are no dynamic effects taken into account yet. Also, the geometry of the
pores is simplified, as shown on Figure 16.

-, How tront position

Fluid

Liguid of Viscosity n

Figure 16 Schematic of a pore in the membrane.

There are three types of forces, which intervene in the wetting process. There is the vacuum
applied on the membrane during the VARTM process and the maximum value it can reach is
105 Pa. Next is the capillary effect, which can either lead to a spontaneous motion of the fluid
or prevent the liquid from wetting the surface without any external help. The last force to be
taken into account is the gravity.

The model obtained is the following:

where h is the thickness of the membrane (m)
g is the porosity of the membrane (%)
n is the viscosity of the liquid/resin (Pa.s)
S is the specific surface area, in the case of a cylindrical capillary: m-1
AP is the pressure corresponding to the driving force (Pa)
v is the liquid/resin surface tension (N/m)
0 is the contact angle between the membrane and the resin of interest
ris the pore radius (m)
P, is the gravity pressure, which can be neglected
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It was found that the styrene alone can spontaneously wel the membrane and that the vinyl
ester resin system is also able to wet but only with the help of the vacuum applied during the
VARTM infusion. These results are in good agreement with the experiments. However, the
epoxy resin system cannot theoretically wet the membrane, even with the vacuum provided
during a VARTM infusion. Since it does not correspond exactly to what was observed during
the experiments, it is more likely that additional phenomena to the capillary effects play a non-
negligible role. A possibility is that the contact of the epoxy with the membrane changes its
wetting characteristics. In the future, the model will need to be improved to take into account
the evolution of the wetting properties (surface tension, contact angle) with time and to give a
more adequate description of the phenomena, which occur at very smali times Additional
characterization of the membrane is also required to better describe the microstructure.
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Task 4B: Process Developments: Resin Bleeding During VARTM
Infusion

Th sin bleeding process which s after the complete rasin intusion  has significant
1L » o the hinal dumensional tolera ek il oluimer fracti ol th mpasik
ey shgataes the bleeding pr 35 using 3 bt | nethod (FYMy Th
ssure and preform thickness distribution after full nfusion are required as put data for the
resin bleeding analysis. The contribution of material properties of the fibrous preform to the resin
bleeding behavior is examined by adopting a characteristic time. The important material
properties include the spring-back behavior of the preform allowing thickness differences in the
part due to the pressure gradient during infusion. It is found that the preform with stiffer
compaction property requires more time to reach a complete resin bleeding state, i.e., uniform
thickness field throughout the preform.

Figure 17 presents schematically the pressure distribution after complete saturation of the
preform. In contrast to typical RTM, the flexible vacuum bag allows thickness variation along
the preform. The resin bleeding process is started when the resin injection line is closed.
Because the vacuum pressure is still applied at the vent, the resin fluid is drawn out of the
preform and the preform thickness and pressure gradient are reduced with time. Eventually, if
the resin does not reach gelation state and enough time is elapsed, uniform preform thickness
can be obtained.

Atmospheric pressure

LY Vv Vv 4y
T A A \+/T\+/1f A X+A+A+ Y Ven

e

Inlet Pr fOFl%

Resin pressure Mold

Figure 17 Schematic description of the pressure and thickness distribution after full
infusion.

For the resin bleeding analysis, it is assumed that the system is compressible in the thickness,
and incompressible in the in-plane directions. A one-dimensional non-rigid control volume as
shown in Figure 18 is employed in the calculation. At both sides of the control volume, the flow
rates are calculated and the overall volume decrease is computed with respect to time.

Figure 19 shows the change in resin pressure (Figure 19a) and preform thickness (Figure 19b)
for the preform U812 (Vetrotex U812) during the resin bleeding process with a characteristic

time ¢, = /\u/iP of 435s. F, denotes the inlet pressure and #, the preform thickness at the vent.

After infusion and prior to closing of the injection line, the pressure at the injection port is 1 atm
and reduces to 0 atm at the vent. The pressure gradient results in resin flow and a reduction in
thickness and pressure at each preform location over time.

The simulation tool can be used to quantify the effect of VIP variations such as vacuum
debulking or the changes in pressure in the vacuum or injection bucket on dimensional
tolerances. In addition, sufficient gelation time to allow for enough resin bleeding reducing
significantly the thickness gradient during VIP processing can be computed. The approach
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(X; +Xiy1)/2

Figure 18 i-th non-rigid control volume employed for resin bleeding analysis.

allows insight in the important materials properties governing dimensional tolerances and can

lead to improved part performance.

PIP

to dimensionless time.

Final Report
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Figure 19 Change in (a) resin pressure and (b) thickness fields for preform U812 with respect
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Task 5: Optrm:zanon of Distribution Media Lay-Up

In order to optimize the lay-up of distribution media. first one must be able to characteriz
listribution meadia _'~l'|-| fabric permeability values during the Vacuum Assisted Resin Transfe
Malding (VARTM) process In VARTM tha availabl ssure f i injection s limited (o 1
sphare Tharefo e f high-permeabibity Taby Alledt the Distnbution Media (DM
ided i the [[ay-up o 2nhance g raslin flow Dunng njection s Hows nitially in-plane
sdturating the DM, and ,uatwu,qu»'ntl, through Iku thickness impregnating the bulk preform

Therefore, the DM permeabmty governs the planar resin flow pattern and lead length, which is
defined as the difference between the flow position in the DM and in the bottom layer of preform
adjacent to the tool surface. The lead length plays a critical role in successful infusion and is the
key to optimization of the distribution media network. Thus, in this task, we investigated the DM
permeability as a function of the preform layout. A new permeability estimation method, called
Permeability Estimation Algorithm (PEA) that uses a numerical process model instead of
analytical relationships, was developed. The flow chart that explains the methodology is
presented in Figure 20. Subsequently, it was used to find preform permeability in the thickness
direction and the in-plane distribution media permeability from one experiment using the flow
front data from a uniform flow experiment. The accuracy of PEA was validated in the virtual
environment. PEA was also used for permeability measurements in 1D flow experiments and its
results were verified. Table 1 shows results measured in three experiments using PEA and 1D
flow experiments for verification.

VARTM Experiment . g
‘ Simulation (side view)

; L‘.‘,.‘P""f'_; ’_f"_'..r_
initial permeabil ¥
g:ess n , Simulate with . Compare flow
LIMS fronts
" next flow front b
position data
1 Update

permeability

flow fronts
finished?

Figure 20 Flowchart of Permeability Estimation Algorithm (PEA).

PEA, unlike existing experimental permeability measurement methods, allows one to calculate
permeability of different materials in the same lay-up. As PEA uses a numerical simulation and
an iterative solver, it can be adjusted to accommodate various configurations and the flow does
not have to be 1D. For example, it can be used to measure the permeability of a preform
despite the presence of racetracking; or it can be used to find the principal permeability values
of a preform using flow data from a radial injection. The results presented show that PEA
converges on accurate permeability estimates asymptotically, hence it is stable.
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Table 1 Comparison of permeability estimates in 1D flow by 1D flow Analysis and PEA.

Exp Il L 0 PEA (m Standara Dewvialior

.4 | 3de

In this task, PEA has been successfully applied to permeability measurements in VARTM,
revealing the fact that DM permeability depends on the VARTM lay-up; hence it should be
measured in situ. Many VARTM systems of interest are increasingly using a combination of
materials (e.g., graphite and glass) which makes permeability assessment difficult from a purely
closed-form analytical approach. The PEA provides a means by which such hybridized systems
can be accommodated and a reasonable estimate of the permeability field obtained.

Note that numerical methods inherently include some level of error. PEA finds the permeability
estimates that reproduce the actual flow data. If the same finite element model is used for both
PEA and other tasks (optimal design, process control etc), then numerical error introduced into
the solution will be reduced. Note that error in measurement of pressures will cause an error in
the estimations as shown in Figure 21. The details of this task have been accepted for
publication in the following manuscript:

Ali Gokce, Mourad Chohra, Suresh G. Advani and Shawn M. Walsh, "Permeability
Estimation Algorithm to Simultaneously Characterize Distribution Media and Fabric
Permeability Values in Vacuum Assisted Resin Transfer Molding Process,”
Composites Science and Technology, Vol 65/14, pp 2129-2139.

25

20

15 +— K_zz error

10 —a—K DM error

20

Permeability error (%)

-20 -

Pressure error (%)

Figure 21 Permeability estimation errors as a function of input
errors in injection pressure.
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Task 6: Smart Actuator Development for VARTM

A Robot-Controlled External Vacuum Chamber for Resin Flow Modification

During VARTM

. plement axisting al oW Gant lrdlagias tyantly unden devalopmen VARTM

18! I ity | ACt o inexpacted cha 3 | | ay {1 ' et

chigue o N flow manipulation has bean investigated to combat void formation i

unigue, reactive technique for resin flow modification involving a rigid external vacuum chamber

placed over the vacuum bag has been developed and tested. Using the chamber, a robotic

system has been prototyped that identifies dry regions forming during injection, deploys the

vacuum chamber over the mold, and actuates the chamber in order to modify and correct the
resin flow within the mold.

External Vacuum Chamber Development

The purpose behind the external chamber is to provide some sort of rigid structure to shunt the
atmospheric force acting on part of the perform and lift the vacuum bag, allowing the preform
under the chamber region to spring back to a _

more relaxed state. The result is a gap between Vacuum Charmber

the bag and mold fibers that provides low resin p sl
flow resistance. Figure 22a is a schematic of the Vacuurm
% Bagging (in red)

rigid vacuum chamber when activated over the “w=
vacuum bag. Preliminary testing with both round
and rectangular chambers revealed the rigid | %
chamber significantly affects the resin flow in the = a
mold. The round chamber accepts inflow from
multiple directions, which allows it to be very External
versatile; the rectangle chamber has a long action
length, so its effect on the flow is more
pronounced than that of the round chamber. The :
rectangle would be used in the most severe Vacuum Line— §

cases to rectify major flow front anomalies. The Vacuum Line—»

chamber's effects are controllable and depend A

solely on the application time of the chamber: as ' wap | Modified Fiow
the chamber is applied for longer time periods, Figure 22 Conceptual view (a) of an '
the effect on the flow becomes more pronounced o iarnar vacuum chambar and sftects of
and a greater volume of resin is stored in the gapl.  the external chamber on resin flow (b).
When the chamber is released, the stored resin is
forced into the preform for almost instantaneous impregnation. The excess resin also flows
forward, enhancing the effect of the chamber even after its release.

Prefortn (in blue

Tests were performed to measure the effects the external chamber could have on part geometry
or quality. Experiments were run with the long chamber in place on the part, and once the part
was cured, it was cut laterally to obtain a cross-section of composite at the chamber location,
which allowed part thickness measurements to be made at critical locations across the width of
the part. The average thickness variation at the center of the chamber is 0.93%, and the
thickness variation at the contact point of the chamber is -2.57%; this difference was not
statistically significant. The change in fiber volume fraction was also statistically insignificant by
using the method of Analysis of Variants, with a 95% confidence level.

Final Report Page 22



Robotic System Development and Testing

To assess the potential for the external chamber to be used a resin flow control (and correction)
tool a robot system was developed to identify resin flow problems. and deplay the externa
hamber The four main subsystems of the robot system Hllustrated in Figure 23 | the robol
im foron ey b hambar 1 the three degrees of fisedom: the i-H:» namope UL

[echrnaladg sl [ 1y reductior Naching 1510 jefaction 11

iaracternzation sottware y detarmine the size and location of the void and to determine
location where the REx chamber will be placed. The semi-automated system 1s buillt around the
standard VARTM setup; a schematic of the system level concept for the semi-automated flow

control system is found below in Figure 24, with the major subsystems labeled.

P
CCD Camera e
Robotic (
I :;ml\ 7 L |
pe | 1 |
3 L\_ eee
hy 4

Vacuurmn Process Confrol Tnit

Line

Vent Line

7
/ Vacuum Resin Supply

Preform  Chamber Lane
Lay-Up

Figure 23 Conceptual view of a VARTM injection system equipped with a robot that can
position and actuate the external vacuum chamber.

Feal-Time

Computer Machine Vision
Control with | gl';ilg:n
LabVIEW | ‘
REx Technology-Based
Automatic Flow
. Modification System
Vi - REx Chamber
Characterization e el |
| Algorithm A eouuplogs

Figure 24 Main system components required for a flow modification system that
utilizes an external vacuum chamber.
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"he care of the entire system s the process control unit, or process computer. Camera mages

ire sent to the computer for analysis » computer analyzes the images and based on the
i charactanzation algorith the computer sends motion control commands to the robot arm
It mputer also sends the activation and deactivation commands to the REx chambey itself

ttachead [N nALC Al mn RS way ih 101 subsysten Are integrated witl AC|

Figure 25 shows the prototype system equipped with a round chamber. Preliminary testing
revealed the round chamber had limited effect on resin flow modification. Subsequent testing
with a rectangular chamber (aspect ratio = 15) confirmed that a non-circular geometry
significantly affected resin flow. Due to the long action length of the rectangular chamber, part
of the chamber can be placed on the low-flow-resistance section of the preform and the resin
can flow more readily into the chamber, while the rest of the chamber can be located on the void,
where its action is most significant. Figure 25 shows the rectangular chamber being applied to
the part to reduce the void.

Figure 25 shows the flow fronts for the control experiment and the robotically modified part at
the same time. The dark patch (circled) in the modified part is excess resin pooled under the
vacuum bag. Note that the flow front has been significantly modified by the implementation of
the chamber. Also, note that the average flow front distance for the robotically modified part is
more advanced than that of the control experiment. Upon completion of the infusion, the void is
entirely eliminated with the use of the chamber. The excess resin under the vacuum bag acts
as another resin source in addition to the injection line, which benefits the low permeability

Figure 25 Prototype robotic system with a round REx chamber, and a closeup of the rectangular
vacuum chamber during an experiment.
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210N because resin 1s availlable locally, without having to travel through a high-resistance zone
from the injection line By the time the injection 1s complete, the excess resin has been

sorbed and there are no lasting effects on part surface finist In addition to the tota
Jimunation of the void. the entire mection me 1s reduced by 15 shich validates anothe

natr that imndicate he e and eff Hvenas it t nethocd sdlLiciad

kev Findings

The REx chamber method is a viable, efficient, and cost-effective way to reduce voids in the
VARTM process. The REx technology itself is highly capable of altering the flow of resin during
a VARTM injection. The proven ability of the semi-automated robotic version of the chamber
technology to reduce (and even to eliminate) voids and reduce injection time means higher
manufacturing productivity due to a higher success rate and a reduced cycle time, as compared
to unmodified VARTM. [n addition, the method reduces wasted resin caused by non-uniform
flow fronts reaching the vacuum line at the different times, and reduces finished part waste
caused by macro-void formation. In essence, the method pays for itself many times over by
insuring successful injections. The method is also very simple; it relies on easily
understandable vacuum principles already necessary for comprehension of how VARTM works,
rather than on complicated rules for the proper ultrasound frequency needed for resin excitation,
for example.

Experimental - 7 Modified Flow using External
Control (no robot) Chamber and Robotic Deployment

Figure 26 Flow Front Comparison Between Control (left} and Robotic Modification of flow
(right). Note the large dry area on in the control injection, and the pool of resin (circled in
red) that is present immediately after the REx chamber is removed.

Additional, this technique is usable, since nothing is permanently bonded into the finished
product, which reduces costs compared to other flow modification methods in which some part
of the method relies on disposable elements for success. Since nothing is bonded into the part,
its mechanical properties must perforce be maintained; nothing about the composition of the
finished product is altered.
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